Spinel (MgO · Al 2 O 3 ) is known as one of the most harmful non-metallic inclusions in steel. However, the technology to avoid spinel formation has not yet been established due to lack of thermodynamic information on the spinel itself. In the present work, the free energies of formation of MgO The activity of stoichiometric MgO · Al 2 O 3 exhibits negative deviation from ideality in the spinel solid solution. Phase stability diagram of spinel formation in liquid steel was assessed as a function of aluminum, magnesium and oxygen contents in iron at 1 873 K. The predicted phase boundaries of MgO · Al 2 O 3 , MgO and Al 2 O 3 agreed well with previous observations by one of the present authors.
Introduction
Spinel (MgO · Al 2 O 3 ) has a high melting point, and forms as an undeformed C-type inclusion in steel in extremely low oxygen contents. Therefore, it is very important to avoid the formation of spinel in the deoxidation process of high-grade wire and bearing steels. However, the mechanism and phase stability of spinel formation in liquid steel are not clarified due to the lack of reliable thermodynamic information on spinel formation.
Itoh et al. [1] [2] [3] [4] [5] have assessed thermodynamic deoxidation equilibria of magnesium, calcium and aluminum in liquid iron and conducted thermodynamic studies on the phase stability of spinel inclusion in molten steel. As will be seen in some of their results to be presented in later sections, they have predicted the stable formation region of spinel inclusions in liquid steel as a function of oxygen, aluminum and magnesium contents. 4, 5) As they have also pointed out in their paper, however, two problems should be solved for a precise description of spinel stability. The one is the uncertainty of the free energy of formation of spinel at steelmaking temperatures, and the other is the lack of activity data of the constituents in the solid solution range of spinel. Some free energy data are available in the literature on the formation of spinel. [6] [7] [8] [9] [10] [11] [12] [13] However, the agreement of free energy of formation among them is poor, and only four researches [10] [11] [12] [13] have been conducted for direct measurement of the free energy of formation of MgO · Al 2 O 3 while all of them were conducted at lower temperatures than 1 673 K except for the one by Rein and Chipman, 11) who determined the free energy at 1 873 K from the estimated activities of MgO and Al 2 O 3 in MgO-SiO 2 -Al 2 O 3 slags and the liquidus line of spinel. Phase equilibria in MgO-spinel, Al 2 O 3 -spinel or the MgO-Al 2 O 3 system near steelmaking temperatures have been studied by some researchers. [14] [15] [16] [17] [18] [19] [20] [21] [22] Recently, a thermodynamic assessment for the MgO-Al 2 O 3 system was conducted by Hallstedt. 23) Spinel has a wide solid solution range, over 50 to 65 mol% of Al 2 O 3 , so that the activity of stoichiometric spinel, MgO · Al 2 O 3 , should change as a function of composition in the homogeneous solid solution range. However, there exists no report on the activity-composition diagram of spinel in the solid solution range. Due to the lack of such information, Itoh et al. 4, 5) assumed the behavior of an ideal solid solution of spinel. Though Itoh et al. assessed the related deoxidation thermodynamics of liquid steel and predicted the phase stability of spinel, the thermodynamic information on spinel itself is still insufficient. Hallstedt 23) also pointed out that there is a surprising lack of reliable thermodynamic data on spinel.
The present work focused on the direct measurement of the Gibbs free energy of formation of spinel from each component oxide, DG°f ,MgO · Al 2 O 3 , and the change of activities of constituents in the homogeneous solid solution region of the spinel phase. The chemical equilibrium technique previously employed for the measurement of the activities of constituents in steelmaking slags 24) was used. MgO and Al 2 O 3 are the component oxides of spinel, and their free energies of formation are necessary to determine DG°f ,MgO · Al 2 O 3 and the activity in the spinel solid solution. Reliable data on the free energy of Al 2 O 3 formation have been reported in the literature. [6] [7] [8] [9] 24) On the other hand, the reported value of DG°f ,MgO shows discrepancy with the order among DG°f of other alkaline earth oxides such as CaO, SrO and BaO. 25, 26) Therefore, DG°f ,MgO is also directly measured in the present work.
Experimental Principle

Free Energy of Formation of MgO
For the measurement of DG°f ,MgO , experiments were conducted by equilibrating liquid copper containing graphite in a MgO crucible with CO-Ar atmosphere. The following equilibrium reaction should be established:
The free energy change of Eq. (1), DG°1, can be related to its equilibrium constant, K 1 :
Where, a is the activity of each component relative to the pure substance, and P CO denotes the partial pressure of CO (atm). Since the activities of MgO and carbon are unity due to the use of a pure MgO crucible and a pure graphite block, Eq. (3) can be simply derived from Eq. (2) 29) Hultgren et al. 30) and Nayeb-Hashemi and Clark. 31) The literature data on g Mg are summarized in Fig. 1(A) . The agreement of the activity coefficient among literature values at the high concentration range of Mg seems to be excellent. On the other hand, there are some discrepancies in the low concentration range of Mg. Since the accuracy of g Mg at low concentration range is the most important for the precise determination of DG°1, the present authors 32) have assessed the thermodynamic properties of liquid Cu-Mg alloy with mass spectrometry. Their values are also plotted in Fig. 1(A) . It is seen from Fig. 1(A) that the values of RT ln g Mg evaluated by the authors agree well with the values observed by Garg et al. and recommended by Hultgren et al. Therefore, the values of RT ln g Mg given by the authors have been employed in the present work. It has also been reported that the temperature dependence of RT ln g Mg is very small as shown in Fig. 1(A) . 32) Therefore, the value of K 1 can be determined from the equilibrium concentration of Mg in liquid copper, P CO , and temperature. Finally, the free energy change of formation of MgO, DG°f ,MgO , is obtained by the combination of Eq. (6) with DG°1: 
Free Energy of Formation of MgO · Al 2 O 3
The reaction of the stoichiometric spinel formation from the respective pure oxides: The equilibrium reaction of Eq. (10) should be also established together with Eq. (1) on such condition:
Since the activity of carbon is unity because of the use of a graphite crucible, the activity of Al 2 O 3 can be expressed by Eq. (12):
Where, g Al and X Al denote the Raoultian activity coefficient and mole fraction of Al in liquid copper, respectively. The value of K 10 can be known from the well-established value of DG°1 0 in the JANAF thermochemical tables.
8) The value of g Al in liquid copper has been accurately determined by the authors 33) as shown in Fig. 1(B) . Therefore, the activity of Al 2 O 3 in the stoichiometric compound MgO · Al 2 O 3 can be determined from the equilibrium Al content in liquid copper.
The activity of MgO can also be determined from the following equation and DG°1, which is determined in the present work as mentioned before:
Finally, the free energy of Eq. (7) can be determined from Eq. (9) by substituting each activity.
Activities of the Constituents in Spinel Solid
Solution Region In the measurement of activities of constituents in the spinel phase, spinel solid solution which has a non-stoichiometric composition was in equilibrium with liquid copper in a graphite crucible under a constant gas ratio of COAr. The activities of MgO and Al 2 O 3 in the spinel solid solution can be determined from Eqs. (12) and (13) 
Experimental
The experimental apparatus and procedure are essentially the same as described elsewhere. 24) A vertical electric resistance furnace with LaCrO 4 heating elements was used in the present work. Figure 2 shows a schematic diagram of the crucible assembly. For measurements of the free energy of MgO formation, 5 gr of Cu-0.1mass%Mg master alloy was charged in a MgO crucible with a cylindrical graphite block, where 7 or 8 holes were drilled to allow the direct contact of the CO-Ar gas mixture with the surface of the molten copper. In the measurement of free energy of spinel formation and activities of the constituents in the spinel solid solution, 5 gr of Cu-(0.005-0.03mass%)Mg-(0.1-1.1mass%)Al master alloy was charged in a graphite crucible with a tablet-shaped stoichiometric spinel. The appropriate initial Mg and Al contents in the master alloy were selected based on preliminary experiments in order to minimize the amount of Mg and Al transfer between the liquid copper and the spinel. The spinel specimen was made by sintering an equimolar powder mixture of MgO and Al 2 O 3 for 24 hr in air at 1 873 K. The formation of spinel was confirmed by X-ray diffraction technique, the wavelength dispersion type Electron Probe Micro-Analyzer (EPMA) and wet chemical analysis. Standard materials for EPMA analysis were high purity MgO and Al 2 O 3 polycrystals. The graphite block or spinel tablet was dipped into the molten copper bath by pushing them with a gas inlet nozzle for better contact. After setting the crucible assembly in the hot zone of the resistance furnace which was already at the desired temperature, the reaction tube was sealed and the atmosphere was quickly changed from air to purified Ar. Subsequently, the atmosphere was changed to a CO-Ar stream and the crucible assembly was held for 8 hr to attain equilibrium. The holding time was confirmed in preliminary experiments. After the equilibrium was attained, the crucible assembly was quickly withdrawn from the upper end of the reaction tube by a Mo wire and was quenched by flushing He gas. The copper phase was separated from the crucible and was used in the chemical analysis. The equilibrium contents of Al and Mg in the copper were determined by Induction Coupled Plasma Spectroscopy (ICP). In the experiment for the activity measurements of the constituents in the spinel solid solution at MgO or Al 2 O 3 saturation, an excess amount of MgO or Al 2 O 3 was added to the predicted compositions of spinel phase boundaries in the published phase diagram. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Some additional experiments were also conducted to determine exactly the phase boundaries of the spinel phase. The diffusion couple technique was employed for this purpose. A cylinder-shaped Al 2 O 3 sample was tightly connected with MgO plate. Each contact surface was previously polished. This diffusion couple was held for 24 hr at 1 700, 1 800, 1 873 and 1 900 K under a purified Ar stream and then was withdrawn from the furnace. This quenched sample was mounted in a mold and was cut in the longitudinal direction. The concentration profile of Mg and Al in the sample was detected by the wavelength dispersion type EPMA. Thickness of spinel layer formed between MgO and Al 2 O 3 was found to be from 300 to 500 mm depending on the temperature.
Results and Discussion
Free Energy of Formation of MgO
Experimental results on the free energy of formation of Though the scatter in the experimental data is relatively large, there exists an almost linear relation between a Mg and the reciprocal of P CO . Therefore, it can be concluded that the equilibrium among graphite, CO, MgO and liquid copper was established in the present experiment. The slope of a linear line in Fig. 3 corresponds to 1/K 1 , and, therefore, DG°1 can be derived. Then, Gibbs free energy of Eq. (4), DG°f ,MgO , was determined from DG°1 and DG°5, as a function of temperature. Very similar values have been reported in the literatures [6] [7] [8] [9] 24, 25) on the entropy term in the free energy of formation of alkaline-earth metal oxide as Ϫ100 to Ϫ140 kJ/ mol · K. It is deduced that there should be a regularity between the entropy term and atomic number of alkalineearth metal. According to such considerations, the entropy terms of Eqs. (16) and (17) have been determined in the present work. DG°f ,MgO determined in the present work is shown in Fig. 4 together with other literature values [6] [7] [8] [9] 25) for comparison. The present result is approximately 20 to 30 kJ/mol more negative than other free energy data, but the temperature dependence of DG°f ,MgO seems to be almost the same as others, especially as the value proposed by Ono et al. 25) DG°f ,MgO determined in the present work is shown in Fig. 5 with free energies of formation of alkaline-earth metal oxides measured by Ono et al. 25, 26) The order of DG°f of BaO, SrO and CaO by Ono et al. and DG°f ,MgO by the present work is in consistent with the order of alkaline earth metal in the periodic table as Ba, Sr, Ca and Mg.
Free Energy of Formation of MgO · Al 2 O 3
Experimental results on the free energy of formation of MgO · Al 2 O 3 are summarized in Figure 6 shows the free energy of formation of stoichiometric MgO · Al 2 O 3 from each pure oxide determined in the present work. Error bar in Fig. 6 denotes the uncertain range of each data point which is mainly caused by the Table 1 . Experimental results on the free energy of MgO formation. scattering of analytical value of Mg contents in liquid Cu.
Since only a very small amount of Al and Mg transferred between the spinel and liquid copper in the present experimental conditions, the composition of spinel was kept constant as stoichiometric MgO · Al 2 O 3 . This was also confirmed by EPMA after the experiment. Table 3 and Fig. 7 show the literature values 9) on the free energy of formation of spinel structure compounds containing alkaline-earth metal oxide from their oxide components. Very similar values have been reported on the entropy term in each free energy of formation as 13.4 to 16.1 kJ/mol · K except for SrO · Al 2 O 3 which has unusual small entropy term as 0.813 kJ/ mol · K. By taking into account the entropy terms in DG°f ,CaO · Al 2 O 3 and DG°f ,BaO · Al 2 O 3 , the entropy term in Eq. (18) have been determined as 15.7 kJ/mol · K in the present work.
The literature values [7] [8] [9] [10] [11] [12] [13] 23) are also compared in Fig. 6 . Among these free energy values, direct measurement has been conducted by Taylor and Schmalzried, 10) Rein and Chipman, 11) Tretjakow and Schmalzried, 12) Rosen and Muan 13) and the present work at high temperature. The value of DG°f ,MgO · Al 2 O 3 determined in the present work is approximately 5 to 20 kJ/mol lower than the other literature data.
Rein and Chipman 11) measured the activity of SiO 2 in a SiO 2 -Al 2 O 3 -MgO slag by the distribution of Si between the slag and liquid iron. They determined DG°f ,MgO · Al 2 O 3 from the activities of MgO and Al 2 O 3 which were estimated from the activity of SiO 2 by Gibbs-Duhem integration and the liquidus line of spinel in the SiO 2 -Al 2 O 3 -MgO slag. Their free energy is 10 to 20 kJ/mol higher than that of other researchers. Generally, accuracy of the activity is not high enough when it is determined by the Gibbs-Duhem integration from one component in a ternary system. This may be a reason of their higher value of the free energy. Taylor and Schmalzried 10) and Tretjakow and Schmalzried 12) determined the free energy by EMF measurement using an oxygen solid electrolyte. Tretjakow and Schmalzried reported the value of DG°f ,MgO · Al 2 O 3 at 1 273 K as Ϫ35.1 kJ/mol which is approximately 5.7 kJ higher than the extrapolated value of Eq. (18), while Taylor and Schmalzried obtained Ϫ10 kJ/ mol at 803 K which is much higher than the extrapolated value of Eq. (18) to 803 K (Ϫ33.4 kJ). The result by Rosen and Muan 13) with the chemical equilibrium technique is plotted in Fig. 6 . Their value is approximately 10 kJ/mol higher than the present work.
Phase Boundary of Spinel Solid Solution
It is known that MgO · Al 2 O 3 has a relatively wide solid solution range at high temperature. able in the literature [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] on the phase diagram of the MgO-Al 2 O 3 system. The solvus of the spinel with MgO observed in the present work was in good agreement with the predicted by Hallstedt.
23) The Al 2 O 3 content at the solvus of the spinel phase with Al 2 O 3 in the present work was observed to be in good accord with that reported by Lejus. 17) It was also found that the solubility of spinel in MgO was less than 1 mol% and that in Al 2 O 3 was negligibly small from 1 700 to 1 900 K. These findings are in good agreement with the literature 16, 18, 20, 22, 23) and it means that spinel can be in equilibrium with almost pure MgO and Al 2 O 3 at steelmaking temperatures.
Activities of Constituents in Spinel Solid Solution
The activities of MgO and Al 2 O 3 measured in the entire composition range of the spinel solid solution at 1 800 and 1 873 K are represented in Table 5 and Fig. 9 (Fig. 10) . Fine solid line in Fig. 10 
Assessment of the Stability Diagram of Spinel Formation in Liquid Steel
Itoh et al. 4, 5) evaluated the stable formation region of spinel inclusions in liquid steel by assuming an ideal solid solution behavior of spinel. However, stoichiometric MgO · Al 2 O 3 spinel exhibits a negative deviation from ideality, and solubility limits of MgO and Al 2 O 3 in the spinel slightly differ from the reported phase diagrams as shown in the former section. Therefore, the stability diagram of spinel formation in liquid steel has been assessed based on the activities of constituents and the free energy of formation of spinel evaluated in the present work. The details for the calculation is described in Refs. 4, 5) The thermodynamic interaction parameters between dissolved elements in liquid steel used for the present calculation are the same with those used by Itoh et al. [1] [2] [3] [4] [5] Figure 11 shows the phase stability diagram of MgO, MgO · Al 2 O 3 and Al 2 O 3 inclusion formation in Ca-free liquid steel at 1 873 K. The lower activity of spinel at saturation limits with MgO and Al 2 O 3 and negative free energy of spinel formation make the spinel inclusion region wider than that predicted by Itoh et al., who assumed an ideal behavior of MgO · Al 2 O 3 in spinel solid solution region. The assessed phase boundary lines in the present work agree with the experimental results, 4, 5, 34, 35) and therefore the present assessment on the stability diagram of spinel inclusion formation seems to be more accurate than Itoh et al.'s evaluation.
Conclusion
The free energies of formation of MgO and MgO · Al 2 sumed an ideal behavior of MgO · Al 2 O 3 in spinel solid solution.
